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CHAPTER

@ Moving heat around

In this chapter you will learn more about thermodynamic principles. You will learn

about work as a change in energy forms that results in moving an object over a

distance. You will also learn how thermal energy has the capacity to do mechanical

work and how the internal energy of a system changes when it receives or transfers
| energy through heating or work.

This chapter also analyses the three processes through which thermal energy
transfer happens within and across objects:

« conduction

\ * convection
+ radiation. 6
Science as a Human Endeavour @

* passive solar design for heating and cooling of buildin
+ the development of the refrigerator over time
« the use of the sun for heating water

 engine cooling systems in cars.

Science Understanding

 a system with thermal energy t?@city to do mechanical work [to
apply a force over a distance];\ is done, the internal energy of the
system changes
because energy is cons ange in internal energy of a system is equal to

the energy added by i oved by cooling, plus the work done on or by
the system

heat transfer o
and/or radiati
transformations in mechanical systems always result in

the environment, so that the usable energy is reduced and the
be 100 per cent efficient.
This includes applying the relationship
energy output N 100%
energy input 1

efficiency () =

WACE Physics ATAR Course Year 11 Syllabus © School Curriculum and Standards Authority,
Government of Western Australia, 2014; reproduced by permission



2.1 Work and efficiency

Most traditional power plants, such as that illustrated in Figure 2.1.1, use thermal
energy to produce steam. The thermal energy comes from the burning of coal or
the decay of a radioactive isotope. The steam produced does work turning turbines,
which generate electricity. The capacity of thermal energy to do mechanical work is
an important aspect in the study of heating processes.

ower plants use thermal energy to produce steam. That steam does work
nich generate electricity.

RGY AND WORK

rgy is difficult to define, but can be described as the ability to do work. That
means that energy has the potential to move objects over a distance.

Energy takes many different forms—for example, thermal, kinetic or potential.
Despite the apparent differences in nature of the various forms of energy, any
form of energy can be changed from one form to another. In order for any energy
transformation to occur, say from heat to motion, work must be done. The work
done on an object can be measured and, therefore, different types of energy can be
compared by the work that they can do.

The work (W) done by a system, measured in joules (J), is calculated by
multiplying the force of magnitude F(N) applied to an object that moves it a
distance s (m) in the direction of the force:

W= Fs

' thermometer

weight Mechanical energy to thermal energy

The experiments of James Prescott Joule (1818-89) were fundamental in
understanding how mechanical work could transform mechanical energy into
thermal energy. Joule noticed that stirring water could cause its temperature to rise.
FIGURE 2.1.2 Joule's apparatus for investigating ~ He designed a way to measure the relationship between the energy transferred when
the heating effect of mechanical work allowed stirring the water and the change in temperature. A metal paddle wheel was rotated

the transfer of heat energy to be measured and by falling masses and this churned the water around in an insulated can. Joule’s
related to other forms of energy. .. . . R
original experimental set-up is shown in Figure 2.1.2.

insulation
water

28 AREA OF STUDY 1 | HEATING PROCESSES



The work done in the system used in Joule’s experiment was calculated by multiplying
the weight of the falling masses (which churned the water) by the distance they fell.
The heat generated was calculated from the mass of the water and the temperature
rise. Joule found that the same amount of mechanical work (W = Fs) always
produced exactly the same amount of heating. This meant that heat was another
form of energy, known now as thermal energy. Joule found that approximately 4.18]
of work was needed to raise the temperature of 1g of water by 1°C, a figure now
referred to as the specific heat capacity of water (¢ = 4180Jkg K™1). The heat energy
transferred (Q) by the transfer of mechanical energy to a mass m for a change in
temperature of AT is thus equal to Q = mcAT.

Thermal energy to mechanical energy

A system with thermal energy has the capacity to do mechanical work; that is, to
apply a force that moves something. Through work, energy is transferred from one
system to another. The system doing work will lose internal energy; the system
on which work is done will gain internal energy. The change in internal energy of a
system is equal to the energy added by heating or removed by cooling, plus the work

done on or by the system.
The most common examples of thermal energy being used to do work are

thermal power stations. Almost all traditional power plants (Figure 2.1.3) a
thermal, including nuclear, coal, solar thermal electric and many natural (g
power plants.

kinetic energy to

turbines -
electrical energy

thermal energy
to kinetic energy

(thermal
energy)

electrical energy

e ,A,

|

[y
)=

N N

chemical energy
into thermal energy

FIGURE 2.1.3 A thermal power station, which uses steam to drive turbines and generate electricity.

A thermal power station is a power plant that uses fuel to heat water to steam
under high pressure. The steam performs mechanical work on steam turbines, which
drive electrical generators. After steam passes through the turbine, it is condensed in
a condenser and recycled to where it was heated.

Through this process, thermal power stations convert forms of heat energy into
electrical energy. The greatest variation in the design of thermal power stations is
due to the different fuels (mostly fossil fuels) used to heat the water.
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Efficiency of energy transformations

In the real world, energy transformations, such as the ones described for a thermal
power plant, are never perfect—there is always some energy lost. Because of this, for
a system to continue operating (doing work), it must be constantly provided with
energy. The percentage of energy that is effectively transformed by a system is called
the efficiency of that device. A device operating at 45% efficiency converts 45% of its
supplied energy into the useful new form. The other 55% is lost to the surroundings,
usually as heat and/or sound. Table 2.1.1 shows the efficiencies of some devices.

0 The efficiency of a transformation from one energy form to another is expressed as:
_ useful energy transformed
" total energy supplied

_ energy output
- energy input

efficiency (n) x100%

x100%

TABLE 2.1.1 Approximate efficiencies of some common thip

Device Efficiency (%)

electric motor 90
gas heater 75
incandescent light globe 2
compact fluorescent light 10
LED household light electric to light 15
steam turbine thermal to kinetic 45
coal-fired gen rator@ chemical to electrical 30
high-efficiency r radiation to electrical 35
car engin chemical to kinetic 25

chemical to thermal 15

chemical to kinetic 25

GY EFFICIENCY

The energy input of a gas-fired power station is 1100 MJ. The electrical energy
output is 300MJ. What is the efficiency of the power station?

Thinking Working
Recall the formula for efficiency of o energy output
energy transformations. efficiency (1) = ——=—=——-x100%

energy input

Substitute the known values into the output = 300MJ
formula. Both values are in MJ, so input = 1100 MJ

there’s no need to change them to J.
x 100

. 300
efficiency (n) = 1100

Calculate the answer. efficiency =27%

Worked example: Try yourself 2.1.1
ENERGY EFFICIENCY

An electric kettle uses 23.3 kJ of electrical energy as it boils a quantity of water.
The efficiency of the kettle is 18%. How much electrical energy is used in actually
boiling the water? Give your answer in kJ.

AREA OF STUDY 1 | HEATING PROCESSES



2.1 Review

When work is done, the internal energy of a
system changes.
A system with thermal energy has the capacity to
do mechanical work.
The mechanical work, W, done by a system is
calculated by multiplying the force of magnitude F
applied to an object that moves it a distance s in
the direction of the force:

W=Fs

KEY QUESTIONS

1

Identify all of the energy transformations that take
place in a coal-fired electrical generator.

What caused a rise in temperature in the water in
Joule’s experiment?

How much work is done on an object of 4.5kg when
it is lifted vertically at a constant speed through a
displacement of 6.0m? (Use g = 9.80ms=2))

A student places a heating element and a paddle
wheel apparatus in an insulated container of water.
She calculates that the heater adds 2530J of heat
energy to the water, and the paddle wheel doesi2404
of work on the water. Calculate the change in_interhal
energy of the water.

The following information applies to questions 5‘and 6.

A weightlifter raises a 100kg mass 2.4 m abeve the ground
in a weightlifting competition. After holding it for 3.0s he
places it back on the ground.

5 How much work has been done by/the weightlifter

in raising the mass? Useg™= 9.80ms2 and give your
answer to two significant figufes.

The efficiency of a transformation from one energy

form to another is given by:

useful energy transformation
total energy supplied

_ energy output «100%
energy input ?

efficiency (n) = x100%

How much additional*work is done during the 3.0s he
holds it steady?

A particulagmadel of reverse-cycle air conditioner
produces 1.2kW of useful heat from 4.8 kW of
electricallenergya What is the efficiency of the
airfconditioner?

An, electric drill uses 3.6kJ of energy to drill a hole
through a sheet of steel. The efficiency of the drill is
70%. How much electrical energy, in kJ, is used in
actually making the hole?

A cook uses an egg beater on a warm chocolate
sauce. If the cook does 845J of work on the sauce
while the warm sauce loses 1239J of heat to the
environment, what is the change in internal energy of
the chocolate sauce?

A coal-fired generator has an efficiency of
approximately 30%. If 2000J of energy is supplied
to the generator, then how much is converted into
electrical energy?

CHAPTER 2 | MOVING HEAT AROUND
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FIGURE 2.2.1 Emperor penguin chicks avoid heat
loss through conduction by sitting on the adult’s
feet. In this way they avoid contact with the ice.

carpet mat ceramic tile
hagt:t:m QDDQﬂ
A

heat retained heat conducts away

FIGURE 2.2.2 Ceramic floor tiles are good
conductors of heat. They conduct heat away
from the foot readily and so your feet feel cold
on tiles. The carpet mat is a thermal insulator.
Thermal energy from the foot is not transferred
away as quickly and so your foot doesn't feel
as cold.

/\

&@%"

direction of heat flow

([

[—)

FIGURE 2.2.3 Thermal energy is passed on by
collisions between adjacent particles.

2.2 Conduction

If two objects are at different temperatures and are in thermal contact (that is, they
can exchange energy via heat processes), then thermal energy will transfer from the
hotter object to the cooler object. Figure 2.2.1 shows how, by preventing the chick’s
thermal contact with the cold ice, this adult penguin is able to protect the vulnerable
penguin offspring.

This section focuses on heat transfer by conduction.

CONDUCTORS AND INSULATORS

Conduction is the process by which heat is transferred from one place to another
without the net movement of particles (atoms or molecules). Conduction can occur
within a material or between materials that are in thermal contact. For example, if
one end of a steel rod is placed in a fire, heat will travel along the rod so that the far
end of the rod will also heat up; or if a person holds an ice cube, then heat will travel
from their hand to the ice.

While all materials will conduct heat to sgme extent, this process is most
significant in solids. It is important in liquids but'plays a lesser role in the movement
of energy in gases.

Materials that conduct heat readily are referred to as good conductors.
Materials that are poor conductors offheatiare referred to as insulators. An example
of a good conductor and a good insulator can be seen in Figure 2.2.2.

In secondary-school physics, thepterms® ‘conductor’ and ‘insulator’ are used
in the context of both electrieity @nd heating processes. What makes a material a
good conductor of heat doesn’t necessarily make it a good conductor of electricity.
The two types of conductiompare related but it’s important not to confuse the two
processes. A material’syability téyconduct heat depends on how conduction occurs
within the material.

Conduction can happen in two ways:

e energy,transfer through molecular or atomic collisions
* encrgy transfer by free electrons.

THERMAL TRANSFER BY COLLISION

L hekinetic particle model explains that particles in a solid substance are constantly
yvibrating within the material structure and so interact with neighbouring particles.
If One part of the material is heated, then the particles in that region will vibrate
more rapidly. Interactions with neighbouring particles will pass on this kinetic
energy throughout the system via the bonds between the particles (Figure 2.2.3).

The process can be quite slow since the mass of the particles is relatively large
and the vibrational velocities are fairly low. Materials for which this method of
conduction is the only means of heat transfer are likely to be poor conductors of
heat or even thermal insulators. Materials such as glass, wood and paper are poor
conductors of heat.

THERMAL TRANSFER BY FREE ELECTRONS

Some materials, particularly metals, have electrons that are not directly involved
in any one particular chemical bond. Therefore, these electrons are free to move
throughout the lattice of positive ions.

If a metal is heated, then not only will the positive ions within the metal gain
extra energy but so will these free electrons. As the electron’s mass is considerably
less than the positive ions, even a small energy gain will result in a very large gain in
velocity. Consequently, these free electrons provide a means by which heat can be
quickly transferred throughout the whole of the material. It is therefore no surprise
that metals, which are good electrical conductors because of these free electrons, are
also good thermal conductors.

32 AREA OF STUDY 1 | HEATING PROCESSES



THERMAL CONDUCTIVITY

Thermal conductivity describes the ability of a material to conduct heat. It is temperature
dependent and is measured in watts per metre per kelvin (Wm™K™). Table 2.2.1
highlights the difference in conductivity in metals compared with other substances.

TABLE 2.2.1 Thermal conductivities of some common materials.

silver 420
copper 380
aluminium 240
steel 60
ice 2.2
brick, glass =l
concrete =
water 0.6
human tissue 0.2
wood 0.15
polystyrene 0.08
paper 0.06
fibreglass 0.04
air 0.025 (

Factors affecting thermal conduction
The rate at which heat is transferred through a system depends on the:

nature of the material. The larger a material’s thermal*@onductivity, the more
rapidly it will conduct heat energy.

temperature difference between the two objects. A greater t€mperature difference
will result in a faster rate of energy transfer.

thickness of the material. Thicker materials zgequite a greater number of collisions
between particles or movement of electrens to‘transfer energy from one side to
the other.

surface area. Increasing the surfacejarea relative to the volume of a system
increases the number of particles inyolyed in the transfer process, increasing the
rate of conduction.

The rate at which heat is¥fansferred is measured in joules per second (Js™),

PHYSICSFILE

Igloos

It seems strange that an igloo can

keep a person warm when ice is so
cold. Igloos are constructed from
compressed snow that contains many
air pockets. The air in these pockets

is a poor conductor of heat, which
means heat inside the igloo is not easily
transferred away. The body heat of the
occupant, as well as that of his or her
small heat source, is trapped inside the
igloo and is able to keep them warm.

FIGURE 2.2.4 Air pockets in compressed
snow enable igloos to keep their occupants
warm relative to outside temperatures.

or watts (W).

EXTENSION
Thermal conductivity

The rate of energy transfer by conduction (energy per unit
time) through a material can be calculated using:

Q_KAT
t L
Q

where 0 is the heat energy, Q, transferred in joules (J) per
unit time, ¢, in seconds (s)

k is the thermal conductivity of the material (Wm=1K-1)

A is the surface area perpendicular to the direction of
heat flow, in metres squared (m?2)

AT is the temperature difference across the material in
kelvin or degrees Celsius (K or °C)

L is the thickness of the material through which the heat
is being transferred, in metres (m).

Designers use this relationship when calculating the
insulating ability of the fill inside clothing such as parkas.
Architects and builders use it to calculate the efficiency of
building insulation.

Guidelines exist to ensure the efficiency of insulating
materials. Building materials that limit the transfer of heat
help to keep houses warm in winter and cool in summer.
This saves money and helps to reduce carbon dioxide
emissions from the use of gas or electricity to heat houses.
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| PHYSICS IN ACTION|
Passive solar design

Rising energy costs and dwindling resources have caused
many countries to try to reduce the amount of fossil fuels
used to provide energy for homes, schools and industry.
Passive heating of a building through passive solar
design is one way to reduce the overall energy being

well-insulated

walls and roof\

consumed within the building. Buildings that are designed
with passive solar heating and cooling in mind take
advantage of natural climate to maintain a comfortable
temperature indoors. Figure 2.2.5 describes some of the
principles of a passive solar house.

summer
sun

ea rovide
/ sum ing

SUAEr winter
cooling 4- T
breezes
BEDROOM
N
small windows BT eranda
on south side ventilSu LIVING
for ventilation KITCHEN
| COURTYARD
crete slab double glazing
floor on north walls

FIGURE 2.2.5 Aspects of good passive solar design«@

er and
brick walls
ge @mounts of thermal
ot days and cool

Insulation prevents loss by conduction 4
gain of heat by conduction in
and concrete slab floors prov
mass, which take longer to heat
down on cold nights.

Positioning large windows on the northern side of a
house allows generous amounts of solar energy to warm
the interior in winter. Overhanging eaves and deciduous
trees provide shade in summer. Small windows to the
south provide ventilation but reduce heat loss on the shady
side of the house. Blank walls heavily shaded by trees or
overhangs avoid the sun of hot summer afternoons and
shield against the prevailing cold westerlies of winter.

Siting living areas on the northern side allows the winter
sun to warm areas of the house where it's needed during
the day. Rooms that are used little during the day can be
sited on the southern side of the house.

Heavy curtains and double-glazing (Figure 2.2.6) can
reduce conductive heat loss at night and in winter. They
also reduce solar energy gains in summer. Conventional
single glazing allows heat to be lost through conduction.

AREA OF STUDY 1 | HEATING PROCESSES

Double glazing provides additional thermal resistance
by adding a sealed space between two glass panes. The
air gap conducts much less heat. Increasingly, argon
gas is used to fill the space between the panes instead
of air, because it has a lower conductivity than air. Good
use of double glazing can reduce heat loss or gain by at
least 50%.

aluminium
spacer sealed
_— air space
airtight seal P
two panes
of glass

desiccant to
absorb
moisture

FIGURE 2.2.6 Double-glazed window construction reduces heat loss
through windows that would otherwise transfer considerable energy
through conduction.




1

2.2 Review

Conduction is the process of heat transfer within a
material or between materials without the overall
transfer of the substance itself.

All materials will conduct heat to a greater or
lesser degree. Materials that readily conduct heat
are called good thermal conductors. Materials that
conduct heat poorly are called thermal insulators.

KEY QUESTIONS

Explain why the process of conduction by molecular
collision is slow.

Why are metals more likely to conduct heat
than wood?

List the properties of a material that affect its ability to
conduct heat.

Stainless steel saucepans are often manufactured with
a copper base. What is the most likely reason for this?

One way of making a house energy-efficient is to‘use

double-glazed windows. These consist of twg pahes

of glass with air trapped in between the panes. On/a

hot day, the energy from the hot air outside,the house

is not able to penetrate the air gap, @andso the hotise

stays cool.

Which of the following best explains,why double-

glazing works?

A Air is a conductor of heat'ahd so the thermal
energy is able to pass through.

B Air is a conductor of heat and so the thermal
energy is not able to pass through.

C Airis an insulator of heat and so the thermal
energy is not able to pass through.

D Air is an insulator of heat and so the thermal
energy is able to pass through.

10

Whether a material is a good conductor depends
on the method of conduction:

- Heat transfer by molecular collisions alone
occurs in poor to very poor conductors.

- Heat transfer by molecular collisions
and free electrons occurs in good to very
good conductors.

The rate of conduction depends on the
temperature difference between two materials, the
thickness of the material, the surface area and the
nature of the material.

How doessaidownsfilled quilt keep a person warm

in wintef?

Fibreglass‘insulation batts are thick and lightweight,
and they make a house more energy-efficient. On a
cold July night, the external temperature in the roof
of an insulated house is 6°C. The air temperature
near the ceiling inside the house is 20°C. Explain how
ceiling insulation decreases energy loss.

On a cold day, the plastic or rubber handles of a
bicycle feel much warmer than the metal surfaces.
Explain this in terms of the thermal conductivity of
each material.

Explain how windows should be placed on homes to
maximise solar gain.

What is the main difference between single- and
double-glazed windows that makes double-glazed
windows better thermal insulators?

CHAPTER 2 | MOVING HEAT AROUND
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convection
current

IR

Bunsen burner

FIGURE 2.3.1 When a liquid or gas is heated,
it becomes hotter and less dense so will

rise. The colder, denser fluid will fall. As this
fluid heats up, it in turn will rise, creating a
convection current.

FIGURE 2.3.3 The thunderheads of summer
storms are a very visible indication of natural
convection in action.

2.3 Convection

Convection is the transfer of thermal energy within a fluid (liquid or a gas) by
the movement of hot areas from one place to another. Unlike other forms of heat
transfer such as conduction and radiation, convection involves the mass movement
of particles within a system over a distance that can be quite considerable.

HEATING BY CONVECTION

Although liquids and gases are generally not very good conductors of thermal energy,
heat can be transferred quite quickly through liquids and gases by convection. Unlike
other forms of thermal energy transfer, convection involves the mass movement of
particles within a system over a distance.

As a fluid is heated, the particles within it gain kinetic energy and push apart due
to the increased vibration of the particles. This causes the density of the heated fluid
to decrease and the heated fluid rises. Colder fluid, with slower moving particles, is
more dense and heavier and hence falls, moving in to take the place of the warmer
fluid. A convection current forms when there i rm fluid rising and cool fluid
falling. This action can be seen in Figure 2.3. llings in oceans, wind and
weather patterns are at least partially due t eétidn on a very large scale.

It is difficult to quantify the thermal sferred via convection but some
estimates can be made. The rate at w nvection will occur is affected by:

e the temperature difference betwee t source and the convective fluid

e the surface area exposed to the ective fluid.

ivenc convection in transferring heat depends on
the placement of the sou at. For example, the heating element in a kettle is
always found near the bott of the kettle. From this position, convection currents
form throughout er to heat it more effectively (Figure 2.3.2a). If the heating
element wer a‘@r the top of the kettle, convection currents would form
only near the t i§ 1s because the hotter water is less dense than the cooler
1d remain near the top. Convection currents would not form

In a container, the effe

FIGURE 2.3.2 (a) By placing the heating element at the bottom of a kettle, the water near the bottom
is heated and rises, forming convection currents throughout the entire depth of the water. (b) If the
heating element is placed near the top of the kettle, the convection currents form near the top and
heat transfer is slower.

There are two main causes of convection:
» forced convection; for example, ducted heating in which air is heated and then
blown into a room
e natural convection, such as that illustrated in Figure 2.3.2, when a fluid rises as
it is heated.
A dramatic example of natural convection is the thunderhead clouds of summer
storms (Figure 2.3.3), which form when hot, humid air from natural convection
currents is carried rapidly upwards into the cooler upper atmosphere.
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| PHYSICS IN ACTION|

Wind chill

Convective effects are the main means of heat transfer that lead to the ‘wind
chill’ factor. The wind blows away the thin layer of relatively still air near
the skin that would normally act as a partial insulator in still air. Cooler air
comes in closer contact with the skin and heat loss increases. It feels as if
the ‘effective’ temperature of the surrounding air has decreased. Skiers can
experience similar effects simply from the wind created by their own motion.
In cold climates the wind chill factor can become an important factor to
consider. The chilling effect is even more dramatic when the body or clothing
is wet, increasing evaporative cooling (Figure 2.3.4). Evaporation occurs when
a liquid becomes a gas, and in the process a large amount of thermal energy
is taken away from the remaining liquid. Bushwalkers look for clothing made
from materials that dry rapidly after rain and which carry moisture from the
perspiration of heavy exertion away from the skin.

FIGURE 2.3.4 In cold environments, such as Antarctica, wind chill factor greatly increases the

chilling effect and hence the risk of hypothermia.

PHYSICSFILE

Natural convection in air

There is often a temperature difference
between the land and the sea in coastal
environments. The temperature of the
water hardly changes between night
and day due to its high specific heat
capacity but the land can become
much hotter through the day. As the
air over the land is heated, it rises and
is replaced by cooler, more dense air
from over the sea (Figure 2.3.5). This
moving air creates a sea breeze that is
experienced in most coastal areas in
Australia during summer, including the
famous Fremantle Doctor. This makes
on the coast appealing during
ather.

’ ight, the process is reversed. The

nd cools more quickly and so does
the air above it. This denser air moves
out over the water, displacing the now
relatively lighter and warmer air over
the sea, and a land breeze is created.

iy
~i

FIGURE 2.3.5 Land and sea breezes

are created by convection currents
caused by the temperature difference
between air over the sea and air over the
land. H represents high pressure and L
represents low pressure.
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2.3 Review

» Convection is the transfer of heat within a fluid » A convection current forms when there is warm
(liquid or gas). fluid rising and cool fluid falling.

» Convection involves the mass movement of
particles within a system over a distance.

KEY QUESTIONS

1 Through what states of matter can convection occur? 6 On a hot day, the top layer of water in a swimming

2 In which direction does the transfer of heat in a pool can heat up while the lower, deeper parts of
convection current initially flow? the water can remain quite cold. Explain, referring to

3 Pilots of glider aircraft or hang-gliders, some birds c9nvect|on, why this happens. _
such as eagles and some insects rely on ‘thermals’to 7  List the steps in the prgce which thermal energy
give them extra lift. Explain how these rising columns is transferred from acefto another within a liquid
of air are established. or gas.

4 Compare the conductive and convective abilities of 8 What factors t te of thermal convection?
liquids and gases.

5 Convection is a method of heat transfer through fluids.
Explain whether it is possible for solids to pass on

their heat energy by convection.
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2.4 Radiation

Both convection and conduction involve the transfer of heat through matter. Life on
Earth depends upon the transfer of energy from the Sun through the near-vacuum
of space. If heat could only be transferred by the action of particles, then the Sun’s
energy would never reach Earth. Radiation is a means of transfer of heat without
the movement of matter.

ELECTROMAGNETIC RADIATION

In this context, radiation is a shortened term for electromagnetic radiation, which
includes visible, ultraviolet and infrared light. Together with other forms of light,
these make up the electromagnetic spectrum.

The transfer of heat from one place to another without the movement of particles
is by electromagnetic radiation. Electromagnetic radiation travels at the speed of light.
When electromagnetic radiation hits an object, it will be partially reflected, partially
transmitted and partially absorbed. The absorbed part transfers thermal energy to the
absorbing object and causes a rise in temperature. When you hold a marshmallow by an
open fire, you are using radiation to toast the marshmallow (Figure 2.4.1).

emitted radiation depends on the internal energy of the object. As tempera
related to the internal energy of an object, the higher the temperature of
the higher the frequency and the shorter the wavelength of the radiation

This can be seen in Figure 2.4.2.

rature

Energy

low temperature

High frequency Long wavelength

FIGURE 2.4.2 A system emits radiation over a range of frequencies. At a low temperature, it will emit
small amounts of radiation of longer wavelengths. As the temperature of the system increases, more
short-wavelength radiation is emitted and the total radiant energy emitted increases.

A human body emits radiation in the infrared range of wavelengths, while hotter
objects emit radiation of a higher frequency and shorter wavelength. Hotter objects
can emit radiation in the range of visible, ultraviolet and shorter wavelengths of the
electromagnetic spectrum. For example, as a red-hot fire poker heats up further, it
becomes yellow-hot.
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EMISSION AND ABSORPTION OF RADIANT ENERGY

All objects both absorb and emit thermal energy by radiation. If an object absorbs

more thermal energy than it emits, its temperature will increase. If an object emits

more energy than it absorbs, its temperature will decrease. If no temperature change
occurs, the object and its surroundings are in thermal equilibrium.

While all objects emit some radiation, they will not all emit or absorb at the
same rate.

A number of factors affect both the rate of emission and the rate of absorption.

» Surface area—the larger the exposed surface area, the higher the rate of radiant
transfer.

e Temperature—the greater the difference between the temperature of the
absorbing or emitting surface and the temperature of the surrounding objects,
the greater the rate of energy transfer by radiation.

¢ Wavelength of the incident radiation—matte black surfaces are almost perfect
absorbers of radiant energy at all wavelengths. Highly reflective surfaces are
good reflectors of all wavelengths. An example of how reflective surfaces can
be exploited is shown in Figure 2.4.3. For all other surfaces, the absorption of
particular wavelengths of radiant energy will'be affected by the wavelength of
that energy. For example, although white surfaces absorb visible wavelengths of
radiant energy poorly, white surfaceg,will absorb infrared radiation just as well

; as black surfaces do.

Sz “ e Surface colour and texture—ithe, characteristics of the surface itself determine

FIGURE 2.4.3 The silvered surface of an how readily that particular stirface willemit or absorb radiant energy.
emergency blanket reflects thermal energy back

0 the body, and retains the radiant energy Matte black surfaces will"absorb’ and emit radiant energy faster than shiny,
which would normally be lost. This simple ' white surfaces. This means that a roughened, dark surface will heat up faster than a
method works as excellent thermal insulation. shiny, light one. Matte black abjects will also cool down faster since they will radiate

energy just as efficiently as theyrabsorb energy. Car radiators are painted black to
increase the ¢mission by radiation of the thermal energy that is collected from the
car engine. A silvered®surface will reflect radiant energy, taking longer to heat up.

infrared region of the electromagnetic spectrum (Figure 2.4.4). This radiation is
ot visible to you, but can be detected using thermal imaging devices or night-vision
goggles. These devices are used by the military for surveillance, and by search and
rescue personnel. Some animals, notably some varieties of bugs, are able to detect
infrared radiation.

PHYSICSFILE

Heat loss in humans Ve et
It is estimated that, at normal room FIGURE 2.4.4 This person is difficult to see using the visible range of the electromagnetic
, spectrum (a), but they are warmer than the trees surrounding them and produce a stronger

0, ’
temperature, about 50% of a person’s infrared emission, which the thermal imaging device is able to detect (b).

heat loss is by radiation.
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| PHYSICS IN ACTION|
Engine cooling systems in cars

Have you ever noticed the heat coming off a car engine
after a journey? If not, next time you go for a drive, hold
your hand over the engine at the end of the journey and
notice how hot it is.

This is because a car engine is not 100% efficient. In fact,
only about 20-30% of the chemical energy contained within
the fuel is transformed into mechanical energy needed to
drive the car. The rest of the energy released when the fuel
burns inside a car engine is lost as thermal energy.

A car engine does need some heat to keep it running
smoothly and reduce wear on the parts. The rest of the heat
has to be removed to avoid the engine overheating. This

thermal energy is removed by the car engine’s cooling system.

A car’s cooling system works by circulating a fluid,

The hot coolant is then passed through a heat exchanger,
called a radiator (Figure 2.4.5). The radiator is a system of
narrow tubes, which gives it a high surface area. A greater
surface area means more energy can be radiated. Air from
outside the car is blown across these pipes. This air can be
moved across the radiator either by a fan or just by using
the airflow over the moving car.

As the air is blown across the radiator, thermal energy is
transferred from the coolant to the air. The air heats up and
the coolant cools down. The coolant is then recirculated
around the engine to continue the cooling process.

called a coolant, in pipes around the engine. This coolant
absorbs some of the thermal energy generated during
combustion of the fuel in the engine. As the hot coolant is
pumped away from the engine, it removes thermal energy,

regulating the engine temperature.

| PHYSICS IN ACTION|
Solar water heating

The Sun’s energy falls on the Earth’s
surface at the rate of about 3.6 MJ

on each square metre per hour. This
means that an average rogf of‘around
200 m?2 receives 3600 MJ\(or3'6 GJ)
of energy in 5 hours of sunlight. Given
that an average household might use
around 72MJ of electrical energy in a
day you can see the possibilities!

You can make use of this free
source of energy by using solar cells
(also called photovoltaic cells), which
transform radiant energy from the Sun
into electrical energy. Another much
simpler way to harness the energy
from the Sun is to use it to heat water.

If you have ever used a solar camp
shower, you have taken advantage of
solar hot water. A solar camp shower
is black plastic container filled with
water and hung out in the sunshine.
Recall that darker surfaces absorb

FIGURE 2.4¢5 A radiator is often placed at the front of the car where it

caft take,advantage of the airflow over the moving car.

more radiant energy than lighter
surfacesmibhe'black plastic absorbs
radiafit energy from the Sun and this
eplergy Ispeonverted to thermal energy.
This thermal energy heats the water
inside.

"The solar hot-water systems used in
homes around Australia and countries
such as Spain, China and India work
on similar principles. A solar collector
panel is placed on the sunniest side
of the roof and connected to a water
storage tank.

The solar collector is usually made
up of dark-coloured pipes that allow
the flow of a fluid. In warmer climates,
such as Australia, the fluid is regular
drinking water, which becomes the
hot water used within the home. In
cooler climates, the fluid is often a mix
of water and antifreeze, which stops
the water freezing in the pipes. This
water/antifreeze mixture is pumped
through a water storage tank in closed
pipes, where it transfers the thermal
energy to the hot water for the house.

There are two main types of solar
water heaters: passive and active.
Active solar water heaters use
electrical pumps to move the hot
water around the system. Passive
systems (Figure 2.4.6) rely on
convection currents to move the hot
water. The natural convective currents
can be a low-energy means of moving
hot water from a solar collector to
a storage tank without the use of
an electric pump. A simple passive
system is shown in the diagram below.

\ =

<l

collector —»
panel

-

—
hot water || || cold water

— cold water
passive solar water heating

FIGURE 2.4.6 A simple passive solar hot-water
system.
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2.4 Review

* Any object whose temperature is greater than
absolute zero emits thermal energy by radiation.

» Radiant transfer of thermal energy from
one place to another occurs by means of
electromagnetic waves.

* When electromagnetic radiation falls on an object,
it will be partially reflected, partially transmitted
and partially absorbed.

KEY QUESTIONS

1 Lightis shone on an object.

a List three interactions that can occur between the
light and the object.

b Which of the interactions from part (a) are
associated with a rise in temperature?

The wavelength and frequency of emitted radiation
depend on the internal energy of an object. Complete
the sentences below by choosing the correct option
from those provided in brackets.

The higher the temperature of the object, the
[higher/lower] the frequency and the [longer/shorter]
the wavelength of the radiation emitted. For

example, if a particular object emits radiation

in the visible range, a cooler object could emit

light in the [infrared/ultraviolet] range of the
electromagnetic spectrum.

Which of the following will affect the rate at which an
object radiates thermal energy?

its temperature

its colour

its surface nature (shinysor dull)

none of these

all of A-C

mooOow>

» The rate of emission or absorption of radiant heat
will depend upon the:
- temperature difference between the object and
the surrounding environment
- surface area and surface characteristics of
the object
- wavelength of the radiation.

Why is it impossible forgheat to travel from the Sun to
the Earth by conduction®ér convection?

Thermal imaging technology can be used to locate
people lost in_the Australian bush. How can thermal
imaging techinology, ‘see’ people when the human
eye canpot?

Three identical, séaled beakers are filled with near-
boilifig, watefr. One beaker is painted matte black, one
is dull white and the third is gloss white.

a Which beaker will cool fastest?

b Whieh beaker will cool slowest?

Computer chips generate a lot of thermal energy
that must be dispersed for a computer to function
efficiently. Devices called heat sinks are used to help
this process. Suggest what properties of a material
would make it a good heat sink.

42

AREA OF STUDY 1 | HEATING PROCESSES



Chapter review

KEY TERMS

absorption emission
conduction emitted
conductor evaporation
convection frequency
electromagnetic spectrum incident

The following information applies to questions 1 and 2.
A household is considering changing from traditional
incandescent lighting to LEDs. Refer to the respective
percentage efficiencies from Table 2.1.1 on page 30.

1 Calculate the electrical energy effectively converted to
light for each 1kJ supplied for:
a an incandescent light
b an LED.

2 How much more does an incandescent light cost to
run than an LED light?

The following information applies to questions 3—6.

A student places a heating element and an electric whisk
in an insulated container with 200 mL of water initially at
20.0°C, which is open at the top. He calculates that the
heater adds 1850J of heat energy to the water, ané\the
whisk does 520J of work on the water.

3 What is the total potential change in internal enetgy ‘of
the water?

4 If there was no heat loss from the coatainericalculate
the final temperature the water woulld beyexpected to
reach. Use Cyater = 4180J kg1 Kk

5 The student measured the final temperature and
found it to only be 21£50°C_due‘teslosses to the
air through the open toprHowimuch of the energy
supplied by the whisk andshéater remained to increase
the internal energy of the water?

6 Calculate the efficiency of the whisk and heater in
heating the water once heat losses to the air are taken
into account.

7 Two different objects are in thermal contact with each
other. The objects are at different temperatures. What
do the temperatures of the two objects determine?

A The process by which thermal energy is transferred.

B The heat capacity of each object.

C The direction of transfer of thermal energy between
the objects.

D The amount of internal energy in each object.

insulator
internal energy
passive heating
radiation
wavelength

10

11

13

14

15

16

Thermal energy may be transferred:

a in a fluid as a result of density changes of the fluid

b in a non-metallic substance as a result of lattice
vibrations.

Which process—cofiduction, convection or radiation—

applies to each energy transfer?

Suppose you faresitting next to a fireplace in which

there is a_fire bBurning. One end of a metal poker has

been left in the fire. Explain:

a why,youeyventually feel the handle of the poker
get'hot

by whygyou feel warm

¢ how heat is lost from the room.

The interior of a thermos bottle is silvered to minimise
heat transfer due to which one or more of the following
processes: conduction, convection or radiation?

A house is fitted with an electric heater in one corner
in order to heat a whole room. By which process or
processes (conduction, convection or radiation) is the
room heated when the heater is in operation?

The Sun continuously radiates energy into space,
some of which reaches the Earth. The average
temperature of the surface of the Earth remains about
300K. Over the short term, why doesn't the average
global temperature rise as the Sun’s energy reaches it?

Explain the function of the evacuated enclosure
between the walls of a vacuum flask.

Describe an experiment that would prove that a shiny,
white surface is a poorer absorber of heat radiation
than a dull or black surface. Explain one way this fact
is used in everyday life.

A premature baby in an incubator can be dangerously
cooled even when the air temperature in an incubator
is warm. Explain why.

If you are lost in the snow, you are advised to build
yourself a snow cave. In terms of thermal conductivity,
explain how it is possible to stay warm inside a cave
made of snow or ice.
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The following information applies to questions 17 and 18.
An aluminium can with a paper label is left in a deep
freeze for some time. On taking the can out of the
freezer, your hand sticks to the cold aluminium but
not the label.
17 Which surface, paper or can, will be at the lower
temperature?
18 The label is peeled off the can. Which item, paper or
can, will return to normal room temperature
first? Explain.

&
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19

20

Design a system for a hot water storage tank that
would permit hot water to be taken from the tank

and replacement cold water to enter without the two
mixing. Include in your design appropriate connections
to allow the water to be circulated without the need

for pumps.

A day will feel warm if the air is at 24°C. However,

a pool at 24°C will feel quite cool when swimming.
Explain, using your understanding of heat processes,
why this is the case.
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